Introduction {#Sec1}
============

Malaria continues to be a burden in many parts of the world, especially in the African continent. An estimated 214 million new malaria cases (range 149--303 million) were reported worldwide in 2015, with Africa contributing the most, about 88%, followed by Southeast Asia and the Eastern Mediterranean region, each contributing 10% and 2%, respectively (World Health Organization [@CR42]). The estimated 2015 worldwide number of deaths was 438, 000, a decline from the 2012 estimates. Of these deaths, 90% came from the African region, 7% from Southeast Asia, and 2% from the Eastern Mediterranean region (World Health Organization [@CR39], [@CR40], [@CR42]). Although malaria mortality rates are dropping (down by 60% worldwide between 2000 and 2015), many people still suffer the burdens of illness, infection, and death, with children under five more susceptible to these burdens. In fact, the 2015 globally estimated under five deaths was 306, 000 (World Health Organization [@CR42]). Thus, strategies for reducing infection and disease burden in infants and children, groups bearing the highest burden of the disease, are increasingly urgent. Intermittent preventive treatment (IPT) is one such strategy employed.

IPT is a preventative malaria control strategy used as a tool to reduce disease burden and death among infants, children, and pregnant women (Gosling et al. [@CR16]). During IPT, these vulnerable humans are given a full curative antimalarial medication dose regardless of their infection status. IPT has been shown to be efficacious in reducing malaria incidence and burden in pregnant women, infants, and children (Deloron et al. [@CR12]; Konaté et al. [@CR21]; ter Kuile et al. [@CR38]; Matangila et al. [@CR24]). In particular, its use in pregnant women (via IPTp) with the drug sulfadoxine--pyrimethamine (SP) was shown to be efficacious (Deloron et al. [@CR12]; ter Kuile et al. [@CR38]; Matangila et al. [@CR24]). In infants (via IPTi) and children (via IPTc), with the combination drug sulfadoxine--pyrimethamine plus amodiaquine (SP $\documentclass[12pt]{minimal}
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                \begin{document}$$+$$\end{document}$ AQ), it was shown to be efficacious in reducing malaria incidence and burden (Konaté et al. [@CR21]; Matangila et al. [@CR24]), with significant protection for children sleeping under insecticide-treated bednets (ITNs) (Konaté et al. [@CR21]; Matangila et al. [@CR24]).

Although IPT (IPTp, IPTi, IPTc) as a malaria control strategy has been shown to have positive impact in averting disease deaths in IPT-treated individuals, it faces challenges due to the emergence of resistance to the drugs used for IPT treatment (Deloron et al. [@CR12]; Gosling et al. [@CR16]). Thus, understanding the interacting relationship between IPT use as a control strategy and the emergence and rate of spread of drug resistance is important. Models have shown the benefits to individuals in the use of IPT (Ross et al. [@CR29]), with decreased benefits when applied inappropriately, e.g., when highly resistant strains are circulating (Ross et al. [@CR30]). Previous modeling studies have also shown that IPTi/IPTc is likely to accelerate drug resistance spread in some situations (Ãguas et al. [@CR1]; Alexander et al. [@CR2]; O'Meara et al. [@CR28]; Teboh-Ewungkem et al. [@CR36]; Teboh-Ewungkem [@CR37]). Teboh-Ewungkem ([@CR37]) found that while treatment of symptomatic infections is the main driver for drug resistance, IPT can increase drug-resistant malaria, particularly when a long half-life drug such as SP is used. The IPT treatment schedule can also affect the intensity of acceleration, with a critical threshold above which drug-resistant invasion is certain.

The models used to examine the role of IPT in drug resistance did not consider the direct benefits of IPT in deaths (and/or cases) averted (O'Meara et al. [@CR28]; Teboh-Ewungkem et al. [@CR36]; Teboh-Ewungkem [@CR37]). In order to better understand the trade-off between deaths averted and increasing drug resistance, we adapted the Teboh-Ewungkem ([@CR37]) model to include age structure, death due to disease, and high or low transmission regions with year-round transmission. This allowed us to quantify the relative impact of IPT and inform strategies for using IPT that will maximize number of deaths averted while minimizing resistance. In particular, we considered the following quantities of interest: number of deaths averted by IPT, ratio of sensitive to resistant strains in the population across time, total number of malaria deaths, basic reproduction number and invasion reproduction number. Our goals were to (1) determine the critical level of IPT treatment that would minimize the spread of drug resistance and maximize the positive impact in lives saved; (2) determine the role of IPT in saving lives and potentially facilitating drug resistance for low and high transmission regions; and (3) understand the relative roles of symptomatic treatment and IPT in the establishment of drug-resistant strains of malaria while also considering partial resistance. In order to explicitly consider the sustainability of particular approaches, we modeled our time-varying quantities of interest for 1, 5, and 10 years. Our model differs from that of O'Meara et al. ([@CR28]) and Teboh-Ewungkem et al. ([@CR36]) in that the transmission dynamics of the vector population are explicitly modeled as well as age structure for the human hosts. The model explicitly accounted for humans with different levels of immunity as well as incorporated the dynamics of the resistant malaria strain.

The paper is divided as follows: Sect. [2](#Sec2){ref-type="sec"} describes the model, giving the associated variables and parameters, while Sect. [3](#Sec5){ref-type="sec"} gives a detailed analysis of the disease-free, non-trivial boundary, and endemic equilibria of the model. In Sect. [4](#Sec9){ref-type="sec"}, we present the model results and associated figures, with a parameter sensitivity analyses carried out in Sect. [5](#Sec14){ref-type="sec"}. Section [6](#Sec15){ref-type="sec"} then gives a discussion and conclusion. We found that although IPT treatment can increase the levels and timing of resistant strain invasion, treatment of symptomatic individuals plays a much larger role in promoting resistance under our assumptions and parameter values. We also found that the prevalence of the resistant strain is highly sensitive to the half-life of the drug being administered. Successful establishment of the resistant strain is more likely when the drug being used for IPT and treatment has a long half-life. Finally, in the scenario where the symptomatic treatment drug has a short half-life and low or little resistance to the treatment drug is present in the circulating malaria strains, then using SP as an IPT drug in high transmission regions will result in many lives saved without significantly increasing resistance levels. It should be noted, however, that if strains with high resistance to the symptomatic treatment drug and the IPT drug emerge, then IPT could drive higher resistance proportions and result in an increase in number of deaths. Therefore, close monitoring of resistant strains is suggested by our model when IPT is in use.

The Mathematical Model {#Sec2}
======================

Model Formulation and Description {#Sec3}
---------------------------------

The model developed here extends the IPT model in Teboh-Ewungkem ([@CR37]) by explicitly including age structure and disease-induced mortalities in the human populations. See Figs. [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"}, and [3](#Fig3){ref-type="fig"} for the updated model flowcharts and Tables [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"}, and [3](#Tab3){ref-type="table"} for the definitions of the variables and parameters. The new model equations are described by ([1a](#Equ1){ref-type=""})--([1j](#Equ10){ref-type=""}), ([2a](#Equ11){ref-type=""})--([2j](#Equ20){ref-type=""}), and ([3a](#Equ21){ref-type=""})--([3c](#Equ23){ref-type=""}) for the human population and ([4b](#Equ25){ref-type=""})--([4c](#Equ26){ref-type=""}) and ([5a](#Equ27){ref-type=""}) for the mosquito population.Fig. 1Transfer diagram for human infection within the naive-immune population. Dashed lines represent parasite transmission via infected mosquitoes. *I* infections are with sensitive strains and *J* with resistant strains of malaria with subscripts *a* and *s* representing asymptomatic and symptomatic cases. *T* and $\documentclass[12pt]{minimal}
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                \begin{document}$$T_\mathrm{a}$$\end{document}$ are susceptible and asymptomatic individuals, respectively, that received IPT, while $\documentclass[12pt]{minimal}
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                \begin{document}$$T_\mathrm{s}$$\end{document}$ is individuals receiving treatment for a symptomatic case. *S* is fully susceptible, and *R* is temporarily immuneFig. 2Transfer diagram between the naive-immune juvenile human population and the mature human population. Dashed lines represent disease-induced mortality. An average time of $\documentclass[12pt]{minimal}
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                \begin{document}$$1/\eta $$\end{document}$ is spent in the naive-immune classFig. 3Transfer diagram for human infection within the mature population. Dashed lines represent parasite transmission via infected mosquitoes. $\documentclass[12pt]{minimal}
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                \begin{document}$$T_\mathrm{m}$$\end{document}$ are holding compartments for individuals that mature while in an IPT treatment class (so drug is still circulating in their system). The subscript m indicates immune-mature individuals, but all other notation is the same as in Fig. [1](#Fig1){ref-type="fig"}

The equations are a system of nonlinear ordinary differential equations age-structured variable-population model with IPT usage incorporated. The human population is split into two age groups based on their status of acquired immunity: juveniles, with a naive or no clinical acquired immunity, and mature humans, who have a higher level of clinical immunity to malaria, due to frequent exposure to the parasites (Klein et al. [@CR20]; Teboh-Ewungkem et al. [@CR36]; Woldegerima et al. [@CR43]). By clinical immunity, we mean the gradual acquisition of parasite-exposed-primed immune response enabling an individual to be symptom-free even though they might have the transmissible forms of the parasites in their blood stream (Cohen et al. [@CR9]). Thus, mature humans, those considered to have a more developed acquired immunity usually, do not feel ill from the malaria parasite infection (Klein et al. [@CR20]; Teboh-Ewungkem et al. [@CR36]; Woldegerima et al. [@CR43]), which can be associated with less severe malaria symptoms. Thus, the rates of antimalarial drug use among these mature individuals are considered to be lower (Klein et al. [@CR20]; Teboh-Ewungkem et al. [@CR36]). They will not be administered IPT. On the other hand, juveniles, the infants, and children, with naive acquired immunity, are those receiving IPTi or IPTc, respectively. Typically, the juvenile population will consist of the 0--5-years-old age group and $\documentclass[12pt]{minimal}
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                \begin{document}$$>\,5$$\end{document}$ years old the mature group. However, this age group can be extended or made shorter depending on the transmission intensity of the region (low or high) and/or whether the region has stable or unstable transmission with transmission either occurring all year round (holoendemicity) or intermittently with periods of intense transmission (hyperendemicity) (Hay et al. [@CR19]). Note the simplifying assumptions on immunity development taken by the model. While more complex immunity development patterns may be important, for simplicity the model only considers two levels of immunity: naive and mature.

In the model, the juvenile and mature human populations are each subdivided into mutually exclusive compartments categorized by malaria strain-type disease infection or treatment status. Henceforth, we will refer to IPTi and IPTc as just IPT. A human, juvenile of mature, upon contact with an infectious mosquito may be successfully infected with a sensitive malaria parasite strain or a resistant parasite strain. The infected individual may show symptoms, considered to be symptomatic (identified by the subscript *a*), or may not show symptoms, considered to be asymptomatic. Symptomatic individuals, mature or juvenile, receive treatment. Thus, the compartments for the juveniles at any time *t* are: susceptible juveniles (denoted by *S*), symptomatic juveniles infected with the sensitive strain ($\documentclass[12pt]{minimal}
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                \begin{document}$$T_\mathrm{s}$$\end{document}$), and the temporarily immune juveniles (*R*), see Fig. [1](#Fig1){ref-type="fig"}. As juveniles age, they join a corresponding mature human population class (see Fig. [2](#Fig2){ref-type="fig"}). Denoting the corresponding mature human classes by the subscript *m*, the compartments for the mature human population at time *t* are: susceptible individuals ($\documentclass[12pt]{minimal}
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                \begin{document}$$J_\mathrm{ma}$$\end{document}$), uninfected juveniles who received IPT and aged, aging into the mature class ($\documentclass[12pt]{minimal}
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                \begin{document}$$R_\mathrm{m}$$\end{document}$), see Fig. [3](#Fig3){ref-type="fig"}. Additionally, at any time *t*, there are a number $\documentclass[12pt]{minimal}
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                \begin{document}$$S_v$$\end{document}$ (susceptible mosquitoes) and *M* (infectious mosquitoes) that define the mosquito classes. The *M* mosquitoes are further subdivided into subclasses $\documentclass[12pt]{minimal}
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                \begin{document}$$M_\mathrm{s}$$\end{document}$ which determines the type of parasite they are infected with, sensitive or resistant. Thus, the total mosquito population at time *t*, denoted by $\documentclass[12pt]{minimal}
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                \begin{document}$$N_v=S_v + M_\mathrm{r} + M_\mathrm{s}$$\end{document}$. A detailed description of all the variable classes is given in Table [1](#Tab1){ref-type="table"}.

Additionally, contact between an infected mosquito and a susceptible human may lead to the human being infected with the sensitive parasite strain, identified by the variable *I*, if the bite came from a $\documentclass[12pt]{minimal}
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                \begin{document}$$M_\mathrm{r}$$\end{document}$-type mosquito. It is possible for the strains to differ in fitness, noted by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa _\mathrm{h}$$\end{document}$, the fitness difference for the resistant strain. The factor $\documentclass[12pt]{minimal}
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                \begin{document}$$\kappa _\mathrm{h}$$\end{document}$ multiplies the transmission terms for individuals (whether mosquito or human) infected with the resistant strain. We assume $\documentclass[12pt]{minimal}
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In our model, we assume that only the symptomatic humans (juveniles or mature) will seek treatment, with the assumption that symptomatic naive-immune individuals clear their symptomatic parasite infections only via treatment (due to their poor or less developed immune state), else they will die from the infection. On the other hand, in addition to treatment methods, symptomatic mature-immune individuals can also clear their parasite naturally because of their developed immune response. Symptomatic individuals who do not clear their infections (ether via treatment and/or naturally) can die from the disease, at the rate $\documentclass[12pt]{minimal}
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The baseline drugs considered for treatment of symptomatic malaria infections are the WHO recommended combination therapy drugs such as artemether--lumefantrine (also called coartem, referred henceforth as the AL drug) or other approved artemisinin-based combination therapy drugs (ACT drugs) (World Health Organization [@CR41], [@CR42]). However, we will investigate the impact of a long half-life drug such as sulphadoxine--pyrimethamine (SP) as a treatment drug for symptoms. If a symptomatic naive-immune (respectively, mature-immune) individual, infected with the sensitive parasite strain, receives treatment, they move to the treatment class $\documentclass[12pt]{minimal}
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                \begin{document}$$T_\mathrm{ms}$$\end{document}$), at rate *a*. 1 / *a* is the average time from the onset of treatment to the clearance of the sensitive parasite. If the individual (naive-immune and mature-immune) is infected with the resistant parasite strain, we assume that the drug is ineffective against the resistant parasite. Thus, such infectious humans, type $\documentclass[12pt]{minimal}
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Asymptomatic infectious individuals (naive-immune and mature-immune) do not seek treatment because they do not show symptoms even though considered to be clinically sick and infectious. However, these individuals can clear their parasitic infections naturally at rate $\documentclass[12pt]{minimal}
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As a preventative measure, both susceptible and asymptomatic naive-immune individuals receive intermittent preventive treatment (IPT), as in O'Meara et al. ([@CR28]), Teboh-Ewungkem et al. ([@CR36]), Teboh-Ewungkem ([@CR37]). IPT is administered at a constant per capita rate *c*, where 1 / *c* is the average time between IPT treatments. We adopt the WHO recommended drug for IPT treatment, sulphadoxine--pyrimethamine (SP), a long half-life drug (Teboh-Ewungkem et al. [@CR36]; Teboh-Ewungkem [@CR37]; World Health Organization [@CR41], [@CR42]), as the baseline IPT treatment drug. Naive-immune juveniles who receive IPT will move to the IPT-treated class *T*, if the IPT was administered to a susceptible juvenile, and to $\documentclass[12pt]{minimal}
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All treated individuals, mature or naive-immune, are assumed to have drugs at therapeutic levels in their system that can clear sensitive parasites, regardless of whether the treatment was due to a symptomatic infection (classes $\documentclass[12pt]{minimal}
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                \begin{document}$$1/r_\mathrm{s}$$\end{document}$ the time in days the treatment drug reaches levels that do not have therapeutic effects on a sensitive parasite infection. We have assumed here that an immune response is triggered as a result of malaria symptoms, hence the development of temporary immunity. For individuals who receive IPT, the rate of decline of the drug is *r*. If the IPT was administered to a susceptible naive-immune individual, generating a type *T* naive-immune juvenile, the individual will move to the susceptible class *S*, as their drug concentration declines. However, if the IPT was administered to an asymptomatic infectious naive-immune juvenile, generating a type $\documentclass[12pt]{minimal}
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                \begin{document}$$1-b$$\end{document}$, will join class *S*. The separation is justified in that an asymptomatic infection is as a result of some naive level of temporal immunity bolstered by the IPT drug. Here, 1 / *r* is the time in days the IPT drug is at levels that do not have therapeutic effects on a sensitive parasite. Temporarily immune individuals (in classes *R* and $\documentclass[12pt]{minimal}
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We assume in our model that after age 5 (could be shorter for a stable high transmission region), a naive-immune juvenile matures to join an equivalent corresponding mature class. This maturation happens at a constant per capita rate of $\documentclass[12pt]{minimal}
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                \begin{document}$$1/\eta $$\end{document}$ the age considered for the naive-immune individual to have developed a reasonable immune response due to repeated re-exposure to the malaria parasite. For naive-immune treated individuals who received IPT, we assume that if they mature while receiving IPT, they move into a temporary IPT treatment compartment in the mature group represented by classes $\documentclass[12pt]{minimal}
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Here, we assume that all recruitment via births occur at a constant rate $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _{mh}$$\end{document}$ for the mature-immune individuals. Figure [2](#Fig2){ref-type="fig"} illustrates movement due to maturation from the naive-immune compartments into the parallel mature-immune compartments, indicating where there is disease-induced deaths, natural death, and recruitment. The equations governing the human disease dynamics are given in ([1a](#Equ1){ref-type=""})--([1j](#Equ10){ref-type=""}) for the naive-immune human population, ([2a](#Equ11){ref-type=""})--([2j](#Equ20){ref-type=""}), for the mature-immune human population, and ([3a](#Equ21){ref-type=""})--([3c](#Equ23){ref-type=""}) for the subtotal naive-immune, subtotal mature-immune, and the total human populations.

When a susceptible mosquito feeds, successfully taking blood from an infectious human, the mosquito may acquire the malaria parasite from the human at rate $\documentclass[12pt]{minimal}
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                \begin{document}$$ M_\mathrm{r}$$\end{document}$ class. If the blood meal was from a human infected with the sensitive parasite strain, then the mosquito, with a successful infection with the sensitive parasites, will become a type $\documentclass[12pt]{minimal}
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                \begin{document}$$M_\mathrm{s}$$\end{document}$ mosquito. If, on the other hand, the blood meal was from a human infected with the resistant parasite strain, then a successful infection with resistant parasites will render the mosquito a type $\documentclass[12pt]{minimal}
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                \begin{document}$$M_\mathrm{r}$$\end{document}$ mosquito. Here, we also assume that the transmission success to mosquitoes by humans infected with the resistant parasite is less than that from humans infected with the sensitive parasite. Thus, the transmission rate of resistant parasites to susceptible mosquitoes is $\documentclass[12pt]{minimal}
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                \begin{document}$$0< \kappa _{v} < 1$$\end{document}$ is the transmission reduction factor. We further assume that a mosquito cannot be coinfected, that is, if a mosquito is infected with a particular strain of malaria, the mosquito will not acquire nor successfully transmit a second distinct strain of malaria. Thus, there is no movement between the $\documentclass[12pt]{minimal}
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The equations that govern the mosquito dynamics are $$\documentclass[12pt]{minimal}
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We remark that in our model discussions, we consider the number of bites per day a human gets to be limited by mosquito density, not human density, i.e., every mosquito gets to bite as often as they desire. Therefore, the total number of bites per day is defined as (the number of bites desired per day by a mosquito) $\documentclass[12pt]{minimal}
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Table [1](#Tab1){ref-type="table"} summarizes the state variable descriptions. All parameters, as defined in Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}, are non-negative. Details about their interpretation and values will be presented in Sect. [2.2](#Sec4){ref-type="sec"}. With nonnegative initial conditions, it can be verified that the solutions to the model equations remain non-negative.Table 2Descriptions and dimensions for parameters related to the natural transmission cycleParameterDescriptionDimension$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varLambda _\mathrm{h}$$\end{document}$Total human birth ratehumans $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^{-1}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varLambda _{v}$$\end{document}$Total mosquito birth ratemosquitoes $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^{-1}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu _\mathrm{mh}$$\end{document}$Per capita death rate of mature humans$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^{-1}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu _\mathrm{h}$$\end{document}$Per capita death rate of juveniles$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^{-1}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\delta _\mathrm{m}$$\end{document}$Malaria disease-induced mortality rate for mature humans$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^{-1}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\delta $$\end{document}$Malaria disease-induced mortality rate for juveniles$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^{-1}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu _{v}$$\end{document}$Natural mosquito death rate$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^{-1}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta $$\end{document}$Rate of aging, i.e., rate at which juveniles become mature humans and no longer receive IPT$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^{-1}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\beta _\mathrm{h}$$\end{document}$Transmission rate of sensitive parasites from mosquitoes to humans ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha \beta _{hv}$$\end{document}$)$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\hbox {mosquito}^{-1} T^{-1}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\beta _{v}$$\end{document}$Transmission rate of sensitive parasites from humans to mosquitoes ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha \beta _{vh}$$\end{document}$)$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\hbox {human}^{-1}T^{-1}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa _\mathrm{h}$$\end{document}$Reduction factor of human transmission rate by the resistant parasite strain1$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa _{v}$$\end{document}$Reduction factor of mosquito transmission rate by the resistant parasite strain1$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\lambda $$\end{document}$Fraction of juveniles who become symptomatic upon infection1$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\lambda ^\prime $$\end{document}$Fraction of matures who become symptomatic upon infection1$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\omega $$\end{document}$Rate of loss of temporary immunity in juveniles$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^{-1}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\omega ^\prime $$\end{document}$Rate of loss of temporary immunity in mature adults$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^{-1}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\lambda $$\end{document}$Fraction of juveniles who become symptomatic upon infection1$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\lambda ^\prime $$\end{document}$Fraction of matures who become symptomatic upon infection1$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\nu $$\end{document}$Rate at which juveniles progress from asymptomatic to symptomatic infections$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^{-1}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\nu ^\prime $$\end{document}$Rate at which mature humans progress from asymptomatic to symptomatic infections$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^{-1}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma _\mathrm{s}$$\end{document}$Rate of naturally clearing a symptomatic infection for juveniles$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^{-1}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma _\mathrm{a}$$\end{document}$Rate of naturally clearing an asymptomatic infection for juveniles$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^{-1}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma _\mathrm{ms}$$\end{document}$Rate of naturally clearing a symptomatic infection for matures$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^{-1}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma _\mathrm{ma}$$\end{document}$Rate of naturally clearing an asymptomatic infection for matures$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^{-1}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\xi $$\end{document}$Proportion of asymptomatic juveniles who naturally clear their infection and develop temporary immunity1$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\xi _\mathrm{m}$$\end{document}$Proportion of mature humans who naturally clear their infection and develop temporary immunity1$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\delta $$\end{document}$Disease-induced death rate for juveniles$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^{-1}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\delta _\mathrm{m}$$\end{document}$Disease-induced death rate for mature humans$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^{-1}$$\end{document}$Table 3Descriptions and dimensions for parameters related to symptomatic treatment and IPTParameterDescriptionDimension1 / *a*Days to clear a sensitive infection after treatment*Tc*Per capita rate of IPT treatment administration$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T^{-1}$$\end{document}$1 / *r*Time chemoprophylaxis lasts in IPT-treated humans*T*$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1/r_\mathrm{s}$$\end{document}$Time chemoprophylaxis lasts in symptomatic treated humans*Tb*Fraction of asymptomatic infected treated juveniles who become temporarily immune protected1$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$b_\mathrm{m}$$\end{document}$Fraction of asymptomatic infected treated mature humans who become temporarily immune protected1*p*Efficacy of drugs used to clear resistant infections1

Parameters {#Sec4}
----------

In this section, we present a discussion of the parameters used in the model. The chemoprophylaxis IPT drug considered here is sulphadoxine--pyrimethamine (SP), a drug with a long half-life (148--256 h). Drugs with long half-lives are slowly eliminated from the body compared to those with shorter half-lives, and are therefore expected to impose greater selective pressure for drug resistance than those with shorter half-lives (Babiker et al. [@CR4]). The expectation is that drugs that persist longer in the body at sub-therapeutic levels will provide more opportunities for non-resistant (susceptible) parasites to acquire resistant traits, and for partially resistant parasites to become fully resistant. Resistance to SP, a long half-life drug, is common, while resistance to artemether--lumefantrine (AL ) or other approved artemisinin-based combination therapy drugs (ACT), short half-life drugs, has not been reported in most African countries. Typically, SP, the long half-life drug, is used for IPT, while the short half-life drugs ACT or AL are used to treat infections. ACT and AL currently work against both sensitive and resistant parasites in most regions, so are associated with values of *p* closer to 1. If resistance develops to these, then the value of *p* for treatment drugs will be closer to 0. On the other hand, SP clears sensitive parasites but not resistant parasites. Note that since short half-life drugs such as ACT and AL at therapeutic levels are effective against resistant parasites, if we consider their use as IPT drugs, then we may need to add an additional link from $\documentclass[12pt]{minimal}
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                \begin{document}$$T_\mathrm{a}$$\end{document}$ but with much lower effectiveness. The lower effectiveness against clearance of resistant parasites comes as a result of the way IPT is administered, with long intervals between administration, allowing for opportunities for the drug to dip below therapeutic levels between treatments (Greenwood [@CR17]). In this manuscript, we assume that asymptomatic infection by resistant parasites is untreated, since these individuals do not seek treatment and for those receiving IPT we assume a negligible impact on clearance. On the other hand, symptomatic infections by resistant parasites have higher clearance success rates if treated with an AL or ACT drug, or are partially treatable if treated with SP (this as a result of symptoms making it possible for the drug to bolster the symptom-initiated body's natural and adaptive immune response aiding in parasite clearance.[1](#Fn1){ref-type="fn"}
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                \begin{document}$$1/r_\mathrm{s}$$\end{document}$ and 1 / *r* give the respective average time chemoprophylaxis lasts in symptomatic treated and IPT-treated humans, respectively. These values were estimated based on reported half-lives values for antimalarial drugs. O'Meara et al. ([@CR28]) reported that for a drug with a long half-life such as sulfadoxine--pyrimethamine (SP), it takes about 52 days for the drug concentration to drop below a threshold value that it cannot clear malaria parasites, while for a drug with a short half-life, such as AL or ACT, this time period is about 6 days (Makanga and Krudsood [@CR22]). These are the same values used in Teboh-Ewungkem ([@CR37]). For the number of IPT treatments given per person per day, *c*, we use the value $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.016\ \hbox {day}^{-1}$$\end{document}$ as in O'Meara et al. ([@CR28]), Teboh-Ewungkem ([@CR37]). This value corresponds to IPT being given once every $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$60 \hbox {days}$$\end{document}$, or 1 / *c*. Since a goal of this manuscript is to see the impact of IPT in averting disease-induced deaths, we will vary *c* to see the role frequency of IPT administration might have on the number of child disease-induced mortality and the rate of resistance spread.

The average number of days needed to clear an infection with appropriate treatment is 1 / *a*. Assuming that treatment is pursued immediately, and a WHO recommended dosage is taken within the required dosage time frame, then 1 / *a* is about 5 days (O'Meara et al. [@CR28]). If the strain of malaria is not fully responsive to the drug, then *pa* measures the rate of clearing an infection via treatment where $\documentclass[12pt]{minimal}
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                \begin{document}$$0<p\le 1$$\end{document}$, the resistant strain of malaria partially responds to treatment. We also assumed that asymptomatic and symptomatic infections of mature individuals are naturally cleared at the same rate ($\documentclass[12pt]{minimal}
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                \begin{document}$$1/180\ \hbox {days}^{-1}$$\end{document}$ have also been cited in Filipe et al. ([@CR15]). Here, we chose a baseline value based on a weighted average.

Our focus was on regions were malaria is holoendemic. These regions could either have low or high malaria transmission intensity. Low transmission intensity areas are typically upland sites (see, e.g., Craig et al. [@CR10]) and tend to exhibit conditions that make them less conducive for the malaria transmitting mosquito to reproduce (Teboh-Ewungkem et al. [@CR36]). Such conditions may include lower rainfall accumulations and cooler temperatures due to the altitude. Thus, with fewer mosquitoes, there are less contacts, on average, between humans and infectious female mosquitoes (O'Meara et al. [@CR28]; Teboh-Ewungkem et al. [@CR36]). On the other hand, high transmission regions, typically at lower elevations (Craig et al. [@CR10]), have conditions that enhance the breeding and hence growth and reproduction of the female mosquito population. Thus, in high transmission regions, there is a higher on average contact between humans and infectious female mosquitoes (O'Meara et al. [@CR28]; Teboh-Ewungkem et al. [@CR36]). We used estimates from Chitnis et al. ([@CR8]) to inform our high and low mosquito biting, vector-to-host ratio, and transmission parameters.

Malaria mortality rates have been monitored since 2001 by Kenya Medical Research Institute (KEMRI) and the U.S. Centers for Disease Control and Prevention (CDC) as part of the KEMRI/CDC Health and Demographic Surveillance System (HDSS) in rural western Kenya (Desai et al. [@CR13]). The results published in Desai et al. ([@CR13]) show a declining malaria disease-induced mortality rate in all age groups, with the 2010 data reported as 3.7 deaths per 1000 person-years for children under five, with a $\documentclass[12pt]{minimal}
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                \begin{document}$$95\%$$\end{document}$ confidence interval reported to be between 0.3 and 0.6 per 1000 person-years. The study appears to have accumulated the deaths yearly during the time frame used. The area of the study, around where KEMRI/CDC HDSS is located, is in the lake region of western Kenya, a malaria endemic region considered to be of high transmission intensity (Desai et al. [@CR13]). For disease mortality in regions of low transmission intensity, we assume a 3.5 times reduction in the under five malaria-related mortality. This assumption comes from the findings in Snow and Omumbo ([@CR32]) that reported an approximately 3.5 times overall malaria-specific mortality in children in areas of higher stable transmission than in areas of low malaria transmission intensity in Sub-Saharan Africa, excluding southern Africa.

To initialize our simulations, we used a human density (in a $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {km}^2$$\end{document}$) and estimated mosquito density to be 3 times the human density for high transmission regions and 1 time the human density for low transmission regions (Amek et al. [@CR3]). We assumed that both human and mosquito populations are constant in the absence of the disease, which implies equal birth and death rates for each species. Using the data in Table [4](#Tab4){ref-type="table"}, we computed the human birth rate to be $\documentclass[12pt]{minimal}
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Model Analysis {#Sec5}
==============

In this section, we derived the stability conditions of the disease-free equilibrium. We computed the basic reproduction number for the resistant and sensitive strains and present biological interpretations of the expressions. We also derived the invasion reproduction numbers and present invasion maps for the resistant and sensitive strains of malaria.

The Disease-Free Equilibrium (DFE) {#Sec6}
----------------------------------
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Table [7](#Tab7){ref-type="table"} presents the reproduction numbers for the sensitive strain, $\documentclass[12pt]{minimal}
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Invasion Reproduction Numbers {#Sec8}
-----------------------------

The basic reproduction number is not sufficient to determine the competitive outcome of the resistant and sensitive strains. In addition to $\documentclass[12pt]{minimal}
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                \begin{document}$$R_\mathrm{s}^r$$\end{document}$, which are threshold quantities determining whether the resistant strain is able to invade the sensitive-strain boundary equilibrium, and vice versa. The derivation follows the next-generation approach, but with the disease-free equilibrium replaced with either the sensitive-only boundary equilibrium, or the resistant-only boundary equilibrium.

The square of the thresholds determining whether the resistant strain can invade the sensitive-only boundary equilibrium, and whether the sensitive strain can invade the resistant-only boundary equilibrium, is given by:$$\documentclass[12pt]{minimal}
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Numerical Results {#Sec9}
=================

In this section, we present results from numerical simulations for the high and low transmission regions. Our quantities of interest (QOI), or outputs, were number of children who died of malaria, number of adults who died of malaria, and the proportion of deaths that resulted from infection with the resistant strain. For both regions, we consider two IPT/treatment regimes: (1) SP/SP where SP, a long half-life drug (and could be replaced with another similar long half-life drug) is used for both IPT and treatment, and (2) SP/ACT where SP (the long half-life drug) is used for IPT and ACT, a short half-life drug (and could also be replaced by another similar short half-life drug such as AL), is used for treatment of symptomatic infection. We denote these scenarios as long/long and long/short. We also compute PRCC sensitivity indices for our outcomes to the parameters used. For simplification, and in an abundance of caution, we assume that the IPT drug and dose given are completely ineffective against the *resistant* pathogen when given to asymptomatic juveniles. The drug and dosages used for symptomatic treatment of the resistant pathogen, however, may be partially effective depending on the value chosen for *p*.

In this section, we demonstrate whether, and under which conditions, long half-life IPT should be used in combination with long or short half-life treatments and under which levels of effective treatment for resistant infections. Since IPT is currently being used in situations where the same long half-life drug is used both for prevention and treatment, we believe it is important to thoroughly show why this combination is detrimental under most situations. Since IPT efficacy is measured by child deaths prevented, and drug resistance is shown in terms of numbers of resistant strain infections compared to total infections, we present our results in terms of these two quantities.
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Figure [5](#Fig5){ref-type="fig"} illustrates the effect of 10 years of IPT on the competition between the sensitive and resistant strain for different values of *p* using the long and short half-life treatments against symptomatic infection, and for high and low transmission regions. As the efficacy *p* of treatment against the resistant strain increases, the prevalence of the resistant strain decreases while the prevalence of the sensitive strain increases. If $\documentclass[12pt]{minimal}
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                \begin{document}$$0.1<p<0.2$$\end{document}$ after which the resistant strain is extinct and the sensitive strain persists at low and steady levels due to treatment. The starting ratio is different for high and low transmission regions, which reflects the much higher prevalence of malaria, specifically the sensitive strain, in the high transmission regions.

Numerical Results: High Transmission Region {#Sec10}
-------------------------------------------

### Childhood Deaths Averted by IPT After 1, 5, and 10 Years {#Sec11}

As demonstrated in Fig. [6](#Fig6){ref-type="fig"}, IPT, along with a long half-life treatment drug for symptomatic infections (long/long scenario), decreases the number of childhood deaths due to the sensitive strain for $\documentclass[12pt]{minimal}
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                \begin{document}$$p\in {0.1,0.2,0.25}$$\end{document}$, the reduction in deaths due to the sensitive strain after 1, 5, and 10 years of IPT use is dwarfed by the substantial increase in the number of deaths due to the resistant strain. When $\documentclass[12pt]{minimal}
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                \begin{document}$$p=0.3$$\end{document}$, there is a benefit to using IPT for one year, with the reduction in sensitive deaths exceeding the increase in resistant deaths; however, at 5 and 10 years, the resistant strain has spread to the point where IPT is detrimental, increasing the total number of childhood deaths compared with the case when no IPT is used. For $\documentclass[12pt]{minimal}
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                \begin{document}$$p=0.4, 0.5$$\end{document}$, the sensitive strain is dominant (as seen in Fig. [5](#Fig5){ref-type="fig"}) because high values of *p* reduce the duration of symptomatic, resistant infections (see expressions for $\documentclass[12pt]{minimal}
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                \begin{document}$$B_\mathrm{ms}$$\end{document}$ in ([9](#Equ32){ref-type=""})), and therefore, IPT is able to be successful in averting total childhood deaths.Fig. 6High transmission region: Net increase in deaths due to long half-life IPT usage, or (Total child deaths due to sensitive and resistant strains of malaria with IPT) − (total child deaths without IPT) for 1 year, 5 years, and 10 years of IPT use for different levels of standard treatment effectiveness against the resistant strain, *p*. The results for the long half-life treatment drug are broken into deaths averted due to sensitive infection and additional deaths due to resistant infection. IPT treatment can reduce the number of child deaths due to the sensitive infection, but increase the number of child deaths due to the resistant strain for some scenarios (Colour figure online)

In the high transmission, long/short scenario, in which a short half-life drug is used for the treatment of symptomatic infections, IPT successfully reduced the number of childhood deaths for all values of *p*. After 1, 5, and 10 years of IPT, roughly 300--600, 2000--3000, and 4500--5100 childhood deaths were averted, respectively (see Table [9](#Tab9){ref-type="table"} in "Appendix C" for a summary of values for each *p*).

### Interaction Between Efficacy of Resistant Treatment *p* and Time Between IPT Doses 1 / *c* {#Sec12}

Figure [7](#Fig7){ref-type="fig"} investigates how different rates of IPT treatments and treatment drug half-life influence the dynamics after 10 years. Figure [7](#Fig7){ref-type="fig"}a and b shows that in the high transmission region with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p=0.1$$\end{document}$, the increase in time between IPT treatments, 1 / *c*, reduces the effects of malaria. In this scenario, the model predicts that the use of IPT has negative consequences, as the number of infections, childhood deaths, and proportion of resistant cases is high for low values of 1 / *c* regardless of the treatment drug half-life. Figure [7](#Fig7){ref-type="fig"}b and c shows that in the same scenario but with $\documentclass[12pt]{minimal}
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                \begin{document}$$p=0.5$$\end{document}$, the use of IPT is beneficial. Here increasing time between IPT treatments, 1 / *c*, increases the number of infections and childhood deaths. In high transmission regions using long/long drug half-lives, we see that IPT should only be used for high values of *p*. We extend the time interval between IPT treatments to unrealistic lengths to show that there is no significant benefit to reducing drug resistance at the cost of extremely infrequent IPT treatments.Fig. 7High transmission region: Total child deaths after 10 years of IPT for different intervals between IPT treatments, 1 / *c*, and for different values of 1 / *r*, the time chemoprophylaxis lasts in susceptible IPT-treated humans. (Top row: treatment effectiveness level $\documentclass[12pt]{minimal}
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                \begin{document}$$p=0.1$$\end{document}$. With the short half-life drug, the level of resistance and number of deaths is less than when long half-life is used for symptomatic treatment (long/long). (Bottom row: treatment effectiveness level $\documentclass[12pt]{minimal}
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                \begin{document}$$p=0.5$$\end{document}$) In this case, both long and short half-life scenarios with IPT result in lives saved. However, since resistance is low, using the long half-life drug for symptomatic treatment is the best choice (saves more total lives). **a** Long/long scenario, $\documentclass[12pt]{minimal}
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                \begin{document}$$p=0.1$$\end{document}$, **c** Long/long scenario, $\documentclass[12pt]{minimal}
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                \begin{document}$$p=0.5$$\end{document}$ (Colour figure online)

The heatmaps in Fig. [8](#Fig8){ref-type="fig"} illustrate the proportion of deaths in children and adults due to the resistant strain in a high transmission region as a function of *c* and *p* in both the long/long and long/short scenarios. We see that if both IPT and treatment have long half-lives (long/long), then the parameter space where the resistant strain dominates is much larger. When instead treatment has a short half-life (long/short), there is a wide range of parameter space for which the proportion resistant is low.Fig. 8Heatmap of the *proportion* of deaths from the resistant strain for the high transmission region and for (left column: (long/long) scenario) long half-life drug for symptomatic treatment and (right column: (long/short) scenario) short half-life drug for symptomatic treatment. The top and bottom rows illustrate the proportion of child and adult deaths, respectively. Note different scales for the two columns. The proportion of deaths from the resistant strain is dependent on both *p* and *c*, showing that IPT schedule can increase resistance (Colour figure online)

Numerical Results: Low Transmission Region {#Sec13}
------------------------------------------

For the low transmission region, we changed the parameters to match the low transmission parameters in Tables [5](#Tab5){ref-type="table"} and [6](#Tab6){ref-type="table"}. For this scenario, the total number of child deaths from malaria is at least an order of magnitude smaller than in the high transmission region (see Fig. [6](#Fig6){ref-type="fig"} and Table [9](#Tab9){ref-type="table"}). In sheer numbers, then, IPT and treatment will have a lower impact in the low transmission region. The basic reproduction numbers for the sensitive and resistant strains are less than one at our low transmission baseline parameters (Table [7](#Tab7){ref-type="table"}). Figure [4](#Fig4){ref-type="fig"}a shows that for very low values of *p*, indicating very high resistance to the treatment drug, the resistant strain has $\documentclass[12pt]{minimal}
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                \begin{document}$$R_\mathrm{s}$$\end{document}$. In Fig. [4](#Fig4){ref-type="fig"}b, the sensitive strain reproduction number is slightly reduced by *c* at very low values of *c*, corresponding to very infrequent IPT, but remains unchanged after that. The resistant reproduction number is unchanged by *c*. This means that frequency of IPT application has very little impact on either reproduction number for the low transmission region.
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                \begin{document}$$p>0.11$$\end{document}$, IPT results in a net gain of lives saved for 1 year, 5 years, and 10 years for the long half-life drug used as treatment and as IPT. Past that point, in fact, there is very little difference across all values of *p*, unlike the high transmission scenario. However, as expected, the number of lives saved is an order of magnitude less than for the high transmission region. For $\documentclass[12pt]{minimal}
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                \begin{document}$$p<0.11$$\end{document}$, application of IPT results in an increase in deaths over 5 and 10 years. There is a bifurcation point for *p* where the dominant strain switches from the sensitive to the resistant strain. Once the resistant strain is dominant, widespread use of the drug that it is resistant to leads to more, rather than fewer, deaths. When the short half-life drug is used for treatment and **long half-life drug** for IPT, we see a very similar bifurcation point at $\documentclass[12pt]{minimal}
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                \begin{document}$$p=0.11$$\end{document}$ below which the resistant strain takes over and spreads, resulting in IPT being not only ineffective, but damaging. It is interesting to note that the increase in number of deaths from using IPT at $\documentclass[12pt]{minimal}
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                \begin{document}$$p=0.10$$\end{document}$ for **short half-life** treatment is double the increase in deaths from IPT when **a long half-life drug** is used for treatment. This is in contrast to the high transmission region where using **a long half-life drug** as treatment results in a higher increase in deaths resulting from IPT usage. However, it should be noted that although the increase in deaths from using IPT is larger for **short half-life** treatment, the *total* number of deaths is larger when **a long half-life drug** is used for both treatment and IPT. See Fig. [6](#Fig6){ref-type="fig"} and Table [9](#Tab9){ref-type="table"} for a summary of these results.

Next we present heatmaps in Fig. [9](#Fig9){ref-type="fig"} of the proportion of deaths from malaria across *p* and *c* space for the low transmission region for long/short and for long/long IPT/treatment half-lives. For both scenarios, the number of deaths depends almost exclusively on the value of *p* (efficacy of the treatment drug against resistant strain). However, the proportion of deaths from the resistant strain, as shown in Fig. [9](#Fig9){ref-type="fig"}, does depend on *c*, or the frequency of IPT doses, particularly as values of *p* increase. Also, unlike the high transmission region, the number of deaths from malaria in adults is unchanged by IPT usage.Fig. 9Heatmap of the *proportion* of deaths from the resistant strain for the low transmission region and for (left column: (long/long) scenario) long half-life drug for symptomatic treatment and (right column: (long/short) scenario) short half-life drug for symptomatic treatment. The top and bottom rows illustrate the proportion of child and adult deaths, respectively. Note different scales for the two columns. The proportion of deaths from the resistant strain is dependent on both *p* and *c*, showing that IPT schedule can increase resistance (Colour figure online)

We see in Fig. [6](#Fig6){ref-type="fig"} and Table [9](#Tab9){ref-type="table"} that the total number of deaths of children from malaria increases dramatically as the value of *p* decreases for long/long drug half-lives. So, as strains develop more resistance to the drug used for treatment (low values of *p*), the number of deaths will increase if no new effective drug is available or put into use. For example, in the high transmission region, for $\documentclass[12pt]{minimal}
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                \begin{document}$$p=0.1$$\end{document}$, there are nearly 10 times the number of deaths as for $\documentclass[12pt]{minimal}
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                \begin{document}$$p=0.5$$\end{document}$. For high transmission regions, this effect is much more pronounced and occurs for higher values of *p*. For high transmission, number of deaths start drastically increasing for $\documentclass[12pt]{minimal}
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                \begin{document}$$p<0.3$$\end{document}$, but for low transmission, this occurs for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p<0.11$$\end{document}$. We can also see that IPT only results in significant ($\documentclass[12pt]{minimal}
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                \begin{document}$$>10\%$$\end{document}$) reductions in total number of childhood deaths for $\documentclass[12pt]{minimal}
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                \begin{document}$$p>0.4$$\end{document}$ and over 10 years in the high transmission region. For low transmission, if $\documentclass[12pt]{minimal}
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                \begin{document}$$>10\%$$\end{document}$ reduction in child deaths occurs over 5 or more years. It is also interesting to note the distinctly nonlinear relationship between *p* and number of lives saved/lost due to IPT.

Parameter Sensitivity {#Sec14}
=====================

Latin hypercube sampling (LHS) (McKay et al. [@CR25]), is a technique that uses stratified sampling without replacement. The LHS technique takes $\documentclass[12pt]{minimal}
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                \begin{document}$$n_p$$\end{document}$ parameter distributions, divides them into *N* predetermined equally probable intervals, and then draws a sample from each interval. For the system described by ([1a](#Equ1){ref-type=""})--([1j](#Equ10){ref-type=""}), ([2a](#Equ11){ref-type=""})--([2j](#Equ20){ref-type=""}), and ([4a](#Equ24){ref-type=""})--([4c](#Equ26){ref-type=""}), with $\documentclass[12pt]{minimal}
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                \begin{document}$$n_p=18$$\end{document}$ parameters, the technique generates a hypercube of size *N*, chosen to be 5000 row by 18 column matrix of parameter values. Each set of 18 parameter values is then used to generate a solution for the system given in ([1a](#Equ1){ref-type=""})--([1j](#Equ10){ref-type=""}), ([2a](#Equ11){ref-type=""})--([2j](#Equ20){ref-type=""}) and ([4a](#Equ24){ref-type=""})--([4c](#Equ26){ref-type=""}) for a total of 5000 simulations. The LHS method performs an unbiased estimate of the average model output, sampling each parameter interval shown as ranges in Tables [5](#Tab5){ref-type="table"} and [6](#Tab6){ref-type="table"} exactly once.

Figure [10](#Fig10){ref-type="fig"} shows only the statistically significant parameters (*p*-test value $\documentclass[12pt]{minimal}
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                \begin{document}$$< 0.01$$\end{document}$). Note that as time increases from 1 to 5 years to 10 years since the start of IPT, the significance of *p* decreases for the sensitive and resistant infections. This is expected as the reproduction numbers $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathscr {R}_\mathrm{R}$$\end{document}$ do not depend on *p*. However, the PRCC plot illustrates that the number of child deaths due to the resistant strain greatly decreases as *p* increases. This is a result we have seen repeatedly in our numerical simulations, illustrating that numerical simulations add to our understanding of the dynamical progression of IPT and its influence on death prevention and disease resistance. The PRCC plots for the high and low transmission regions show the same sensitivities as we have the same model for both regions with only changes in parameter values.Fig. 10For **a**, **b** each parameter has a quartet of bars representing the PRCC values for sensitive child infections, resistant child infections, sensitive child deaths, and resistant child deaths. As time increases, the sensitivity to *p* decreases for resistant infections, but not for resistant deaths. However, there is little or no change to the sensitivity to $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _\mathrm{a}$$\end{document}$ for the sensitive infections as well as the sensitive and resistant infections death between years 1 and 5; however, a marked decrease is seen for the resistant infections between years 1 and 5 indicating that a reduction in $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _\mathrm{a}$$\end{document}$ would produce a corresponding decrease in the size of the number of resistant infections. For **c**, **d** each parameter has a doublet of bars representing the PRCC values for sensitive and resistant adult infections. As time increases, the sensitivity to *p*, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa _v$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa _\mathrm{h}$$\end{document}$ decreases for sensitive infections. However, there is little or no change to the sensitivity to $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _\mathrm{a}$$\end{document}$ for the sensitive infections but a marked decrease for the resistant infections. **a** Child, 1 year, **b** child, 5 years, **c** adult, 1 year, **d** adult, 5 years (Colour figure online)

We can see in Fig. [10](#Fig10){ref-type="fig"} that, for all QOI, $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _\mathrm{a}$$\end{document}$, the death rate of mosquitoes and rate at which asymptomatic juveniles clear infection naturally, are extremely important. As the lifespan of the mosquito decreases (or $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _\mathrm{a}$$\end{document}$ increases), the QOI all decrease. There is little or no change to the sensitivity to $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _\mathrm{a}$$\end{document}$ for the sensitive infections between years 1 and 5; however, a marked decrease is seen for the resistant infections between years 1 and 5 indicating that a reduction in $\documentclass[12pt]{minimal}
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As noted earlier, very little can be found in the literature on $\documentclass[12pt]{minimal}
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Thus, based on the calculations of the normalized sensitivity indices (a local sensitivity metric) computed along with the initial discussion about what these normalized indices and global sensitivity results imply under changes in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu _v$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma _\mathrm{a}$$\end{document}$, we argue that our overall message from a qualitative standpoint will remain unchanged under changes in these two parameters $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu _v$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma _\mathrm{a}$$\end{document}$ when IPT is administered.
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                \begin{document}$$\kappa _\mathrm{h}$$\end{document}$ are measures of the competitive disadvantage of the resistant strain. As they increase toward 1 (so the competitive disadvantage decreases), the resistant infections and resistant deaths increase significantly.

Discussion and Conclusion {#Sec15}
=========================

There are a few general patterns in our simulations. First, using a short half-life treatment drug, assumed here to be effective against both sensitive and resistant symptomatic infections, decreases the advantage of the resistant strain, so also reduces the dependence of resistant emergence on IPT. Second, all the results are highly sensitive to *p*, and the value of *p* at which the resistant strain dominates depends on whether it is a low or high transmission region. There are strong nonlinear relationships between *p*, *c*, and the IPT and treatment drug half-lives. There are bifurcations in realistic parameter regimes that suggest IPT should be applied with caution and with a good knowledge of the background levels of resistance in the region. Finally, we specifically considered both short- and long-range results (1--10 years) to inform the sustainability of current IPT and treatment programs. Particularly as new drugs are not developed quickly, it will be important to know if our current protocols will result in high levels of resistance in the future.

In the high transmission region, successful invasion of resistant strains is mostly driven by the drug(s) used for symptomatic treatment. Over the first year, IPT has a 0.1--5% effect (both increases and reductions) on the total number of deaths from malaria for all scenarios. When a short half-life drug such as AL or ACT is used for treatment, IPT usage always results in lives saved with a 16.5--18.5% reduction in total child deaths over 5 years (around 4500--5000 lives saved). However, when a long half-life drug such as SP is used for symptomatic treatment, use of IPT results range from a 13% increase in deaths to an 8.5% decrease in deaths over 5 years (from 2900 additional deaths to 1000 lives saved). When resistance to the treatment drug is high (*p* is low), then IPT use results in faster takeover of the resistant strain, thus causing in more deaths. The few studies available considering the role of IPT in resistance provide mixed results, which is in line with our model output. In Mali, after one year, the use of IPTi did not show an increase in molecular markers of resistance (Dicko et al. [@CR14]). However, in a region in Tanzania with widespread SP resistance, use of IPTp was shown to significantly increase levels of resistance (Harrington et al. [@CR18]). Initially, then, one would then recommend using a short half-life treatment drug whenever possible while applying IPT with a long half-life drug such as SP and closely monitoring levels of resistance.

However, it is important to note the effect that the half-life of the symptomatic treatment drug has on total number of deaths. In particular, a short half-life treatment drug gives very similar total number of deaths across the resistance level spectrum, from partially to nearly fully resistant. The long half-life drug used as treatment gives order of magnitude differences in total deaths depending on the level of resistance. When $\documentclass[12pt]{minimal}
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                \begin{document}$$p = 0.50$$\end{document}$ (low resistance) there are about 11,000 deaths over 5 years. For the short half-life treatment drug scenario, the total number of deaths over 5 years is about 17,000 for all levels of resistance considered and thus gives much lower number of deaths than the long/long scenario for highly resistant strains, but higher total deaths if resistance is weak.

The take-home message is that (1) treatment drugs are generally driving resistance in high transmission areas and the role of IPT in driving resistance tends to be minor comparatively, (2) however, when a highly resistant strain is circulating, IPT can indeed result in increased levels of resistance and loss of lives, particularly over longer time periods, and (3) in general, when short half-life drugs such as AL or ACT are used for treatment and SP is used for IPT, as is currently the case, regular use of IPT in children will result in potentially thousands of lives saved over the course of 5--10 years. We point out that the dynamics can be complex, so there are levels of resistance for which IPT saves lives over a short time period, but results in a cumulative loss of lives over 5--10 year periods as resistance levels ramp up. Therefore, our model suggests caution in using IPT without a corresponding heightened surveillance and awareness of changes in the circulating resistant strains over time. If resistance were to be significantly increasing over time, then evaluation of both the treatment drug and IPT usage would be warranted. Finally, we measured the effectiveness of IPT in lives saved. There may also be other benefits, such as a shortened length of asymptomatic malaria infections, that are not measured here.

In low transmission regions, we see different patterns in the costs and benefits of IPT. Here, IPT can have a much larger role in driving resistance when highly resistant strains are circulating. For example, in the long/long scenario with a highly resistant strain circulating, the proportion of resistant cases stays low when IPT is not used, but rises to over 70% in children over the course of 10 years when IPT is used (Fig. [8](#Fig8){ref-type="fig"}). For the long/short scenario, IPT also results in an increase in proportion resistant that would not otherwise occur, but at a greatly reduced rate of increase (Fig. [8](#Fig8){ref-type="fig"}). However, for all but the most highly resistant strains, IPT usage in low transmission regions results in lives saved and does not drive take over of resistant strains. IPT generally results in a 24--26% reduction in deaths in the long/long scenario over 5 years (about 120 lives saved) and in 26--29% decrease in deaths for the long/short scenario over 5 years (about 140 lives saved). Thus, in general, it is better to use the short half-life treatment drug with a long half-life IPT in the low transmission regions. Although it is not as critical as in the high transmission regions, our model does suggest some caution and an increased awareness of circulating resistant strains is warranted when IPT is used in a low transmission region.

A more complete cost--benefit analysis that includes cost of IPT and treatment drugs per dose, total number of doses needed, and a broader definition of benefits including not only deaths averted but severe and asymptomatic cases averted and reductions in total time infected would be interesting. We have not considered how IPT might directly change the age at which children gain the "mature" status based on a combination of many previous exposures to malaria and general improvement in the immune system due to age. Effective use of IPT could in fact increase that age, resulting in more serious cases of malaria in older than usual children. This could result again in increases of deaths or serious disease in what we are now calling the mature age group. We have focused solely on the use of SP as the IPT drug while varying the drugs used for treatment. While this is generally true currently, considering additional drugs for potential use as IPT could be useful. We are looking at holoendemic regions with no seasonality (year-round transmission), and it would be interesting to extend to regions with seasonal malaria transmission. Studying the interaction between vector control measures, which would impact $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu _v$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma _\mathrm{a}$$\end{document}$, IPT, and treatment, is an interesting subject for future work as well.

Appendix A {#Sec16}
==========

See Table [8](#Tab8){ref-type="table"}. Table 8Duration (in months) of asymptomatic parasitemia by age and microgeographic locale; prevalence of asymptomatic malaria by age and region; and percent of vector population found in each localeAgeValley bottomMiddle hillHilltopAsymp. prevalenceAltitude in meters (Village)1430 (Iguhu)1500 (Makhokho)1580 (Sigalagala)Duration (in months) of parasitemia by ageAge 5--964334.4%Age 10--1464334.1%Age $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$> {14}$$\end{document}$1119.1%% asymptomatic by region52.4%23.3%% of vectors found in region98%1%1%% of 334 asymptomatic episodes in region44%24.9%31.1%This region is considered hypoendemic. 15% of asymptomatic episodes lasted 1 month. 38.1% of episodes lasted 2--5 months, and 14.2% of episodes lasted 6--12 months. 32.5% experienced no infection episode. Iguhu is near the Yala River, a major breeding site for *An. gambiae* mosquitoes (Baliraine et al. [@CR5])

B Basic Reproduction Numbers {#Sec17}
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The basic reproduction numbers for the sensitive parasite strain $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathscr {R}_\mathrm{r}$$\end{document}$ were computed using the next-generation matrix. The next-generation matrix (NGM) is$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} K= & {} \begin{pmatrix} 0 &{} K_{1,2}\\ K_{2,1} &{} 0 \end{pmatrix}, \qquad \text{ where } \\ K_{1,2}= & {} \begin{pmatrix} \frac{\beta _\mathrm{h} \lambda S0}{\mu _\mathrm{m} N_0} &{} 0 &{} 0 &{} 0 &{} 0 &{} 0 \\ \frac{\beta _\mathrm{h} (1-\lambda ) S_0}{\mu _\mathrm{m} N_0} &{} 0 &{} 0 &{} 0 &{} 0 &{} 0 \\ 0 &{} \frac{\beta _\mathrm{h} k_\mathrm{h} \lambda (S_0+T_0)}{\mu _\mathrm{m} N_0} &{} 0 &{} 0 &{} 0 &{} 0 \\ 0 &{} \frac{\beta _\mathrm{h} k_\mathrm{h} (1-\lambda ) (S_0+T_0)}{\mu _\mathrm{m} N_0} &{} 0 &{} 0 &{} 0 &{} 0 \\ \frac{\beta _\mathrm{h} \lambda ' S_{m0}}{\mu _\mathrm{m} N_0} &{} 0 &{} 0 &{} 0 &{} 0 &{} 0 \\ \frac{\beta _\mathrm{h} (1-\lambda ') S_{m0}}{\mu _\mathrm{m} N_0} &{} 0 &{} 0 &{} 0 &{} 0 &{} 0 \\ 0 &{} \frac{\beta _\mathrm{h} k_\mathrm{h} \lambda _p (S_{m0}+T_{m0})}{\mu _\mathrm{m} N_0} &{} 0 &{} 0 &{} 0 &{} 0 \\ 0 &{} \frac{\beta _\mathrm{h} k_\mathrm{h} (1-\lambda ') (S_{m0}+T_{m0})}{\mu _\mathrm{m} N_0} &{} 0 &{} 0 &{} 0 &{} 0 \end{pmatrix} \quad \text{ and } \\ K_{2,1}= & {} \begin{pmatrix} k_{9,1} &{}k_{9,2} &{} 0 &{} 0 &{} k_{9,5} &{} k_{9,6} &{} 0 &{} 0 \\ 0 &{} 0 &{} k_{10,3}&{} k_{10,4}&{} 0 &{} 0 &{} k_{10,7} &{}k_{10,8}\\ 0 &{} 0 &{} 0 &{} 0 &{} 0 &{} 0 &{} 0 &{} 0\\ 0 &{} 0 &{} 0 &{} 0 &{} 0 &{} 0 &{} 0 &{} 0\\ 0 &{} 0 &{} 0 &{} 0 &{} 0 &{} 0 &{} 0 &{} 0\\ 0 &{} 0 &{} 0 &{} 0 &{} 0 &{} 0 &{} 0 &{} 0 \end{pmatrix}. \\ k_{9,1}= & {} \frac{\beta _\mathrm{m} S_{v0}}{N_0}\left( 1+\frac{\eta }{A_\mathrm{ms}}\right) \quad k_{9,2}= \frac{\beta _\mathrm{m} S_{v0}}{A_\mathrm{a} N_0}\left( 1+\frac{\nu }{A_\mathrm{s}} + \frac{\eta (A_\mathrm{ma} \nu +A_\mathrm{s} \nu ')}{A_\mathrm{s} A_\mathrm{ms} A_\mathrm{ma}} +\frac{ \eta }{A_\mathrm{ma}}\right) \\ k_{9,5}= & {} \frac{\beta _\mathrm{m} S_{v0}}{A_\mathrm{ms} N_0} \quad k_{9,6}= \frac{\beta _\mathrm{m} S_{v0}}{A_\mathrm{ma} N_0} \left( 1+\frac{\nu '}{A_\mathrm{ms}}\right) \\ k_{10,3}= & {} \frac{\beta _\mathrm{m} k_\mathrm{m} S_{v0}}{B_\mathrm{s} N_0} \left( 1+\frac{\eta }{B_\mathrm{ms}}\right) \\ k_{10,4}= & {} \frac{\beta _\mathrm{m} k_\mathrm{m} S_{v0}}{B_\mathrm{a} N_0} \left( 1+\frac{ \eta (A_\mathrm{ma} \nu +B_\mathrm{s} \nu ')}{B_\mathrm{s} A_\mathrm{ma} B_\mathrm{ms}} + \frac{\eta k_\mathrm{m}}{A_\mathrm{ma}} + \frac{\nu }{B_\mathrm{s}} \right) \\ k_{10,7}= & {} \frac{\beta _\mathrm{m} k_\mathrm{m} S_{v0}}{B_\mathrm{ms} N_0} \quad k_{10,8} = \frac{b_\mathrm{m} k_\mathrm{m} S_{v0}}{A_\mathrm{ma} N_0} \left( 1+\frac{\nu '}{B_\mathrm{ms}}\right) \end{aligned}$$\end{document}$$In addition to the next-generation matrix approach, the reproduction numbers were derived based on the biological interpretation of the model.
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                \begin{document}$$\mathscr {R}_\mathrm{s-sym}^\mathrm{naive}$$\end{document}$ denote the reproduction numbers for the sensitive strain of infection associated with asymptomatic and symptomatic cases in naive humans, respectively. Let $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathscr {R}_\mathrm{s-sym}^\mathrm{mature}$$\end{document}$ denote the reproduction numbers for the sensitive strain of infection associated with asymptomatic and symptomatic cases, in mature humans, respectively.

At the beginning of an outbreak, the proportion of the population susceptible to the sensitive parasite is $\documentclass[12pt]{minimal}
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                \begin{document}$$S_0+S_{m0}$$\end{document}$. A portion of this sensitive population will become asymptomatically infected and either remain asymptomatic or transition to a symptomatic case (there is no transition from symptomatic to asymptomatic in this model). A portion of these infected individuals will age into the mature population. The sensitive reproduction number for the asymptomatic cases in the naive population over the full course of infection, i.e., the number of naive human asymptomatic cases resulting from one initially sensitive case, is then given byThe sensitive symptomatic reproduction number for the naive population, or the number of naive human cases resulting from one initial symptomatic individual, is given byThe sensitive reproduction number for the asymptomatic cases in the mature population over the full course of infection, i.e., the number of mature human asymptomatic cases resulting from one initially sensitive case, is then given by The sensitive symptomatic reproduction number for the mature population, or the number of mature human cases resulting from one initial symptomatic individual, is given byThen, the reproduction number for the sensitive strain of infection takes the following form:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \mathscr {R}^2_\mathrm{s}= & {} \mathscr {R}_\mathrm{s-asym}^\mathrm{naive} +\mathscr {R}_\mathrm{s-sym}^\mathrm{naive}+ \mathscr {R}_\mathrm{s-asym}^\mathrm{mature} +\mathscr {R}_\mathrm{s-sym}^\mathrm{mature} \nonumber \\= & {} \frac{\beta _\mathrm{m}\beta _\mathrm{h}S_0S_{v0}}{\mu _\mathrm{m}N_0^2} \left[ \frac{1-\lambda }{A_\mathrm{a}}+ \frac{\nu (1-\lambda )}{A_\mathrm{a}A_\mathrm{s}} + \frac{\eta \nu (1-\lambda )}{A_\mathrm{a}A_\mathrm{ms}A_\mathrm{s}} + \frac{\eta (1-\lambda )}{A_\mathrm{a}A_\mathrm{ma}}\right. \nonumber \\&\left. +\frac{\eta \nu '(1-\lambda )}{A_\mathrm{a}A_\mathrm{ma}A_\mathrm{ms}} +\frac{\lambda }{A_\mathrm{s}} +\frac{\eta \lambda }{A_\mathrm{s}A_\mathrm{ms}} \right] \nonumber \\&+\frac{\beta _\mathrm{m}\beta _\mathrm{h}S_{m0}S_{v0}}{\mu _\mathrm{m}N_0^2} \left[ \frac{1-\lambda '}{A_\mathrm{ma}}+ \frac{\nu '(1-\lambda ')}{A_\mathrm{ma}A_\mathrm{ms}} +\frac{\nu '}{A_\mathrm{ms}} \right] . \end{aligned}$$\end{document}$$The above reproduction number $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathscr {R}_\mathrm{s}$$\end{document}$ was also computed using the next-generation matrix approach.
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                \begin{document}$$\mathscr {R}_\mathrm{r-sym}^\mathrm{naive}$$\end{document}$ denote the reproduction numbers for the resistant strain of infection associated with asymptomatic and symptomatic cases in naive humans, respectively. Let $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathscr {R}_\mathrm{r-sym}^\mathrm{mature}$$\end{document}$ denote the reproduction numbers for the resistant strain of infection associated with asymptomatic and symptomatic cases, in mature humans, respectively.

At the beginning of an outbreak, the proportion of the population susceptible to the resistant parasite is $\documentclass[12pt]{minimal}
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                \begin{document}$$S_0+S_{m0}+T_0+T_{m0}$$\end{document}$. The resistant reproduction number for the asymptomatic cases in the naive population over the full course of infection, i.e., the number of naive human asymptomatic cases resulting from one initially resistant case, is then given by The resistant symptomatic reproduction number for the naive population, or the number of naive human cases resulting from one initial symptomatic individual, is given byThe resistant reproduction number for the asymptomatic cases in the mature population over the full course of infection, i.e., the number of mature human asymptomatic cases resulting from one initially resistant case, is then given by The resistant symptomatic reproduction number for the mature population, or the number of mature human cases resulting from one initial symptomatic individual, is given byThen, the reproduction number for the resistant strain of infection takes the following form:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \mathscr {R}^2_\mathrm{r}= & {} \mathscr {R}_\mathrm{r-asym}^\mathrm{naive} +\mathscr {R}_\mathrm{r-sym}^\mathrm{naive}+ \mathscr {R}_\mathrm{r-asym}^\mathrm{mature} +\mathscr {R}_\mathrm{r-sym}^\mathrm{mature} \nonumber \\= & {} \frac{\kappa _\mathrm{m}\beta _\mathrm{m}\kappa _\mathrm{h}\beta _\mathrm{h}(S_0+T_0)S_{v0}}{\mu _\mathrm{m}N_0^2} \left[ \frac{1-\lambda }{B_\mathrm{a}}+ \frac{\nu (1-\lambda )}{B_\mathrm{a}B_\mathrm{s}} + \frac{\eta \nu (1-\lambda )}{B_\mathrm{a}B_\mathrm{ms}B_\mathrm{s}} + \frac{\eta (1-\lambda )}{B_\mathrm{a}A_\mathrm{ma}}\right. \nonumber \\&\left. +\frac{\eta \nu '(1-\lambda )}{B_\mathrm{a}A_\mathrm{ma}B_\mathrm{ms}} +\frac{\lambda }{B_\mathrm{s}}+\frac{\eta \lambda }{B_\mathrm{s}B_\mathrm{ms}}\right] \nonumber \\&+\frac{\kappa _\mathrm{m}\beta _\mathrm{m}\kappa _\mathrm{h}\beta _\mathrm{h}(S_{m0}+T_{m0})S_{v0}}{\mu _\mathrm{m}N_0^2} \left[ \frac{1-\lambda '}{A_\mathrm{ma}}+ \frac{\nu '(1-\lambda ')}{A_\mathrm{ma}B_\mathrm{ms}} +\frac{\nu '}{B_\mathrm{ms}} \right] . \end{aligned}$$\end{document}$$The above reproduction number $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathscr {R}_\mathrm{r}$$\end{document}$ was also computed using the next-generation matrix approach.

C Total Child Deaths {#Sec20}
====================

In Table [9](#Tab9){ref-type="table"}, we see that the resistant strain only dominates after introduction in the low transmission region for very low values of *p*, which equates to very high resistance to the drug used for treatment in the resistant strain. For the **long/long** IPT/treatment half-life scenario, the total number of deaths jumps by more than a factor of 3 when $\documentclass[12pt]{minimal}
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                \begin{document}$$p=0.09$$\end{document}$. In absolute numbers, IPT saves more lives in the high transmission region, but as a percent reduction of total deaths, IPT does better in the low transmission region. Another interesting pattern is that for higher values of *p*, using short half-life treatment results in more deaths than using long half-life treatment. However, once a highly resistant strain is circulating, the long/short regime has lower total deaths than long/long. For example, in the low transmission region, when $\documentclass[12pt]{minimal}
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                \begin{document}$$p=0.10$$\end{document}$, there are 1599 deaths without IPT and 1836 deaths with IPT for long/long after 5 years. By contrast, for long/short there were 698 deaths without IPT and 1060 deaths with IPT. If a very resistant strain is circulating, it is better to use a short half-life treatment drug.Table 9Total number of child deaths from malaria for various values of *p* and either no IPT or IPT used*p*Year 1Year 5Year 10No IPTIPTNo IPTIPTNo IPTIPT*High transmission region, long/long*0.177,74377,823118,505119,455171,716174,0470.226,80627,10343,92946,79567,25873,3040.2514,86014,97325,62228,22140,90146,6870.39158905214,77216,77124,72029,7590.358533840712,16711,37516,95918,8640.48394814112,02110,99016,71714,7420.58254805211,87810,88816,57514,605*Low transmission region, long/long*0.092309230849504961917991920.169668415991836412549300.113233035033797874970.123132954953737845030.133002814823597724900.153012854843637744940.22882704713487604790.3279268462346751477*High transmission region, long/short*0.113,50013,14719,59617,08027,52222,7760.213,34112,95519,44016,71427,36722,2920.2513,27512,84219,37117,13427,31822,8220.313,23512,57219,33116,84727,25822,4250.3513,20812,64919,30416,76227,23022,5080.413,18712,85619,28416,78427,21222,4240.513,16412,79319,26017,06827,18722,678*Low transmission region, long/short*0.091539153637413866768878770.104997656981060113726580.113803666504599406220.123583405724289155770.133493265634159065630.153403235544118965590.23293165434048865520.3321300535388878537The (IPT/treatment) half-lives are also noted where the long half-life drug is SP and the short half-life drug is (AL). For high resistance to treatment (low values of *p*), the total number of deaths is much higher than for lower resistance to treatment. The cutoff for this dramatic increase in number of deaths is at about $\documentclass[12pt]{minimal}
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                \begin{document}$$p=0.3$$\end{document}$ for the high transmission region and about $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p=0.1$$\end{document}$ for the low transmission region for long/long scenario

This assumption comes from evidence in Cravo et al. ([@CR11]) suggesting higher success in parasite clearance under some background immunity. We note, however, that the original study was performed on the rodent malaria *Plasmodium chabaudi*, where it was shown that drug-resistant parasites could be cleared in partially immune individuals.
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